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NF-�B activation is reciprocally regulated by RelA/p65 acetylation and deacetylation, which are mediated by
histone acetyltransferases (HATs) and deacetylases (HDACs). Here we demonstrate that in leukemia cells,
NF-�B activation by the HDAC inhibitors (HDACIs) MS-275 and suberoylanilide hydroxamic acid was
associated with hyperacetylation and nuclear translocation of RelA/p65. The latter events, as well as the
association of RelA/p65 with I�B�, were strikingly diminished by either coadministration of the I�B� phos-
phorylation inhibitor Bay 11-7082 (Bay) or transfection with an I�B� superrepressor. Inhibition of NF-�B by
pharmacological inhibitors or genetic strategies markedly potentiated apoptosis induced by HDACIs, and this
was accompanied by enhanced reactive oxygen species (ROS) generation, downregulation of Mn-superoxide
dismutase and XIAP, and c-Jun N-terminal kinase 1 (JNK1) activation. Conversely, N-acetyl L-cysteine blocked
apoptosis induced by Bay/HDACIs by abrogating ROS generation. Inhibition of JNK1 activation attenuated
Bay/HDACI lethality without affecting NF-�B inactivation and ROS generation. Finally, XIAP overexpression
dramatically protected cells against the Bay/HDACI regimen but failed to prevent ROS production and JNK1
activation. Together, these data suggest that HDACIs promote the accumulation of acetylated RelA/p65 in the
nucleus, leading to NF-�B activation. Moreover, interference with these events by either pharmacological or
genetic means leads to a dramatic increase in HDACI-mediated lethality through enhanced oxidative damage,
downregulation of NF-�B-dependent antiapoptotic proteins, and stress-related JNK1 activation.

Histone deacetylase inhibitors represent a diverse group of
compounds which interfere with the function of histone de-
acetylases (HDACs), enzymes which regulate the acetylation
status of histones (40). Gene transcription is regulated by mul-
tiple processes, including modifications in chromatin, the scaf-
folding around which DNA strands are attached. The function
of histones can be modified by multiple processes, including
phosphorylation, ADP-ribosylation, methylation, ubiquitination,
sumoylation, and acetylation (6, 52). Acetylation is reciprocally
regulated by histone acetyltransferases (HATs) and HDACs
(40). In general, deacetylation of chromatin, e.g., by HDACs,
results in a less-relaxed, closed structure which inhibits gene
transcription (15). In addition, HDACs can act as direct tran-
scriptional repressors through their association with corepres-
sor complexes (59). In leukemia, the identification of HDAC/
corepressor complexes (i.e., those associated with AML-1/ETO)
which block leukemic cell maturation (2) has prompted the
development of pharmacological HDAC inhibitors (32). In
human leukemia cells, short-chain fatty acid HDAC inhibitors,
such as sodium butyrate or phenylbutyrate, have long been
known to induce differentiation when administered at mM

concentrations (25). More recently, newer HDAC inhibitors
which are approximately 1,000-fold more potent on a molar
basis than butyrate derivatives in triggering leukemic cell mat-
uration have been developed. The HDAC inhibitor group in-
cludes benzamide derivatives, such as MS-275 (50), and hy-
droxamic acid derivatives, such as suberoylanilide hydroxamic
acid (SAHA) (23). In addition to reactivating the leukemic cell
differentiation program through induction of the endogenous
cyclin-dependent kinase inhibitor p21CIP1 (32, 47), HDAC inhib-
itors, when administered at above-threshold concentrations,
induce apoptosis (25, 47, 48). Apoptosis is regulated by mul-
tiple events, including the production of reactive oxygen spe-
cies (ROS) (47, 48) and the generation of ceramide (39),
among others.

The NF-�B (nuclear factor kappa B) family of transcription
factors consists of five members in mammalian cells: RelA
(also referred to as p65), RelB, c-Rel, p50/p105, and p52/p100.
These factors are frequently found in heterodimeric or homo-
dimeric complexes (11). NF-�B, corresponding to a hetero-
dimer consisting of two subunits, RelA/p65 and p50, is involved
in the regulation of a variety of physiologic processes, including
differentiation, proliferation, inflammation, and survival, among
others (11). Ordinarily, NF-�B is sequestered in the cytoplasm
in an inactive form due to binding to the I�B� protein (30).
Various stimuli, including DNA damage, activate kinases re-
ferred to as I�B kinases (IKKs), which phosphorylate
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I�B�, targeting it for proteasomal degradation (31). Once re-
leased from the complex involving I�B�, NF-�B translocates
to the nucleus, where it binds to DNA and promotes the
transcription of a number of genes that oppose apoptosis,
including XIAP and Bcl-xL (9, 54). Recently, it has been noted
that acetylation and phosphorylation of RelA/p65 play impor-
tant roles in regulation of NF-�B activation (12). In the former
case, RelA/p65 is reversibly acetylated by HATs p300 and CBP
at lysine residues 218, 221, and 310. Acetylation of RelA/p65,
particularly at lysine 310 and to a lesser extent at lysine 221,
enhances NF-�B/DNA binding and attenuates its interaction
with I�B� (13). Acetylated RelA/p65 is subsequently deacety-
lated by HDACs, most notably, HDAC3 (12, 33), which pro-
motes binding to I�B�, leading in turn to I�B�-dependent
nuclear export of the complex (12, 13). Thus, it has been
proposed that deacetylation of RelA/p65 by HDAC3 repre-
sents an intracellular switch that controls the activation status
of NF-�B and translocation of RelA/p65 (12).

There is accumulating evidence that NF-�B activation status
plays a critical role in regulating the response of cells, including
those of neoplastic origin, to HDAC inhibitors. For example,
HDAC inhibitors such as trichostatin A (TSA) have been
shown to activate NF-�B (3, 41), possibly as a consequence of
RelA/p65 acetylation resulting from HDAC3 inhibition, and in
so doing, to diminish the lethality of HDAC inhibitors (41),
e.g., by promoting transcription of antiapoptotic target genes,
such as XIAP and Bcl-xL, among others (9, 54). A corollary of
this model is that interference with HDAC inhibitor-mediated
NF-�B activation would permit the proapoptotic actions of
HDAC inhibitors to predominate.

Although the observations that HDAC inhibitors induce
NF-�B activation and that NF-�B activation status influences
the cellular response to HDAC inhibitors are well established,
relatively little is known about the relationship between these
events and RelA/p65 acetylation, particularly in the case of
newer, expanded-spectrum HDAC inhibitors, such as SAHA
and MS-275. To address these issues, we have employed both
genetic and pharmacological approaches to assess the func-
tional role of RelA/p65 acetylation and NF-�B activation on
the response of leukemia cells to HDAC inhibitors. For the
latter, we have employed Bay 11-7082, an inhibitor of I�B�
phosphorylation which disrupts NF-�B function by sparing
I�B� from proteasomal degradation, thereby permitting it to
bind and inactivate NF-�B (44). Here we report that both
SAHA and MS-275 potently increase the acetylation and nu-
clear accumulation of RelA/p65 in leukemia cells and that
these actions are prevented by both Bay 11-7082 and transfec-
tion with an I�B� superrepressor. This leads to reduced I�B�
proteasomal degradation, increased association of RelA/p65
with I�B�, diminished nuclear translocation of RelA/p65, in-
hibition of NF-�B-dependent superoxide dismutase 2 (SOD2)
expression accompanied by an increase in generation of ROS,
downregulation of XIAP, activation of the stress-related c-Jun
N-terminal kinase (JNK) pathway, and a dramatic potentiation
of mitochondrial dysfunction and apoptosis. Collectively, these
findings suggest that acetylation of RelA/p65 by HDAC inhib-
itors may play a key role in the cytoprotective NF-�B response
to such agents and that interruption of this process by phar-
macological or genetic means can dramatically increase HDAC
inhibitor-mediated antileukemic potential.

MATERIALS AND METHODS

Cells and reagents. U937, HL-60, Jurkat, and Raji cells were provided by the
American Type Culture Collection and maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum as previously reported (17). U937 cells were
stably transfected with Ser32/Ser36-mutated I�B� cDNA (encoding a protein
referred to as I�B� superrepressor [I�B�-SR]) or an empty vector (pcDNA3.1
[3.1]) and clones selected with G418 (18). U937 cells overexpressing Bcl-2 were
obtained as described previously (19). U937 cells with stable overexpression of
XIAP and TAM67 were kindly provided by Donald Kufe (Dana-Farber Cancer
Institute, Boston, MA) (20) and Michael J. Birrer (National Cancer Institute,
Rockville, MD) (7), respectively. TAM67 is mutated form of c-Jun in which the
transactivation domain is deleted.

Two cDNA oligonucleotides (5�-gatccGATCAATGGCTACACAGGAttcaag
agaTCCTGTGTAGCCATTGATCttttttggaaa-3� and 3�-gCTAGTTACCGAT
GTGTCCTaagttctctAGGACACATCGGTAACTAGaaaaaaccttttcga-5� [upper-
case indicates sequences specifically targeting the RelA/p65 gene, and lowercase
indicates sequences for cloning into the vector]), which were designed by using
the siRNA Target Finder tool (Ambion, Austin, TX), encode a hairpin small
interfering RNA (siRNA) targeting the coding region between nucleotides 186
and 204 downstream of the first nucleotide of the start codon of the human
RelA/p65 gene. The oligonucleotides were synthesized, annealed, and cloned
into BamHI/HindIII sites of pSilencer 3.1-H1 hygro, an RNA polymerase III-
based expression vector (Ambion, Austin, TX). U937 cells were transfected with
this construct, and clones were selected by hygromycin and screened for stably
downregulated RelA/p65 expression.

In some cases, U937 cells were transiently transfected with 1 �g JNK1 (mito-
gen-activated protein [MAP] kinase 8) annealed double-stranded RNA interfer-
ence oligonucleotide (Orbigen, San Diego, CA) (18) by using the Amaxa Nucleo-
fector device (program V-01) with Cell Line Nucleofector Kit V (Amaxa GmbH,
Cologne, Germany) as per the manufacturer’s instructions. The transfected cells
were recovered for 6 h at 37°C, after which cells were treated with drugs for 24 h
and subjected to analysis of cell viability by using ViaCount reagent (Guava
Technologies, Hayward, CA) and the Guava Personal Cytometer as per the
manufacturer’s instructions.

The HDAC inhibitor MS-275 was kindly provided by Osamu Nakanishi (Sher-
ing, AG), and SAHA was purchased from Biovision (Mountain View, CA),
dissolved in dimethyl sulfoxide (DMSO), stored at �80°C, and subsequently
diluted with serum-free RPMI medium prior to use. Bay 11-7082 (an inhibitor of
I�B� phosphorylation; Alexis, San Diego, CA), SP600125 (a selective JNK in-
hibitor; Calbiochem, San Diego, CA), anisomycin (a JNK/stress-activated pro-
tein kinase [SAPK] activator; Biomol, Plymouth Meeting, PA), Etoposide (VP-
16; Sigma, St. Louis, MO), and resveratrol (an activator of SIRT1; Biomol) were
dissolved in sterile DMSO and stored at �20°C under light-protected conditions.
SN50 (a specific NF-�B-inhibitory peptide; Alexis) and its control inactive
peptide SN50M were dissolved in sterile phosphate-buffered saline, ali-
quoted, and stored at �20°C. The free-radical scavenger N-acetyl L-cysteine
(L-NAC; Calbiochem) and a cell-permeable SOD mimetic and peroxynitrite
scavenger, MnTBAP [Mn(III) tetrakis(4-benzoic acid)porphyrin chloride; Bi-
omol], were prepared in sterile water immediately before use. In all experiments,
the final concentration of DMSO did not exceed 0.1%.

Experimental format. All experiments were performed utilizing logarithmi-
cally growing cells (4 to 6 � 105 cells/ml). Cells were pretreated with Bay 11-7082,
SN50, or SN50M for 1 h, after which HDAC inhibitors (MS-275 or SAHA) were
added and incubated for various intervals, generally 24 h. In some studies,
L-NAC, MnTBAP, or SP600125 was added prior to NF-�B inhibitors. After drug
treatment, cells were harvested and subjected to further analysis as described
below.

Flow cytometry. Apoptosis, mitochondrial membrane potential (�	m), and
ROS production were analyzed by flow cytometry after a staining with annexin
V-fluorescein isothiocyanate (FITC) (BD PharMingen, San Diego, CA), dihexy-
loxacarbocyanine (DiOC6) (Molecular Probes Inc., Eugene, OR), and aceto-
oxymethyl ester of dihydro-dichlorodihydrofluorescein (DCF) (Molecular Probes
Inc.), respectively, as described previously (17, 18, 36). In some cases, the extent
of apoptosis was also assessed by morphological assessment (17).

Kinase assays. SAPK/JNK kinase activity was analyzed by using a SAPK/JNK
assay kit (Cell Signaling, Beverly, MA) as per the manufacturer’s instructions
(18). For the IKK kinase assay, 200 �g/condition of protein was incubated with
1 �g of IKK-
 antibody (T-20; Santa Cruz Biotech, Santa Cruz, CA) for 1 h at
4°C and then incubated with protein A/G-agarose at 4°C overnight. After four
washes were performed with radioimmunoprecipitation assay (RIPA) buffer, the
kinase assay was performed by using an IKK-
 kinase assay kit (Cell Signaling)
and [�-32P]ATP (3,000 Ci/mmol; ICN Biomedicals, Irvine, CA). The amount
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(cpm) of �-32P incorporated into I�B� (Ser32) peptide substrate was determined
by scintillation counting.

Western blot analysis. Samples from either whole-cell pellets or S-100 cyto-
solic fractions were prepared, and 30 �g/condition of proteins was subjected to
Western blot analysis as previously described in detail (17). For analysis of
protein phosphorylation, 1 mM (each) Na vanadate and Na pyrophosphate were
added to sample buffer, no sodium dodecyl sulfate was included in the transfer
buffer, and Tris-buffered saline was used instead of phosphate-buffered saline
throughout. The blots were probed with the appropriate dilutions of primary
antibody as follows. Where indicated, the blots were reprobed with 
-actin
antibody (BD PharMingen) to ensure equal loading and transfer of proteins. In
some case, the density of blots was quantified using the FluoChem 8800 imaging
system (Alpha Innotech, San Leandro, CA) and VideoTesT-Master software
(VideoTesT, Ltd., St. Petersburg, Russia). The primary antibodies included the
following: anti-acetylated lysine and anti-I�B� antibodies (Upstate Biotech,
Lake Placid, NY); anti-IKK-
, anti-RelA/p65, anti-SOD1, anti-SOD2, anti-his-
tone H3, anti-histone H4, anti-phospho-JNK (Thr183/Tyr185), anti-Mcl-1, anti-
cytochrome c, and anti-Bcl-xS/L antibodies (Santa Cruz Biotech); anti-phos-
pho-p44/42 MAP kinase (ERK1/2, Thr202/Tyr204), anti-SAPK/JNK, anti-
phospho-p38 MAP kinase (Thr180/Tyr182), anti-phospho-IKK� (Ser180)/IKK

(Ser181), and anti-cleaved caspase 9 antibodies (Cell Signaling); anti-XIAP
antibody (Transduction Lab, Lexington, KY); anti-human Bcl-2 oncoprotein
(Dako, Carpinteria, CA); anti-poly(ADP-ribose) polymerase (PARP) antibody
(Biomol); and anti-caspase 8 antibody (Alexis).

Immunoprecipitation. The status of RelA/p65 acetylation and the extent of
I�B� bound to RelA/p65 were evaluated by immunoprecipitation/Western blot
analysis as described previously (17). Briefly, 200 �g protein per condition was
incubated under continuous shaking with 1 �g of anti-RelA/p65 antibody (Santa
Cruz Biotech) overnight at 4°C. A total of 20 �l/condition of Dynabeads (goat
anti-mouse immunoglobulin; Dynal, Oslo, Norway) was added and incubated for
an additional 4 h. After being washed three times with RIPA buffer, the bead-
bound protein was eluted by being vortexed and being boiled in 1� sample
buffer. The samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and subjected to Western blot analysis by using anti-acety-
lated lysine and anti-I�B� antibodies.

Analysis of RelA/p65 translocation. Nuclear and cytoplasmic fractions were
prepared by using the NE-PER nuclear and cytoplasmic extraction reagents
(Pierce, Rockford, IL) as per the manufacturer’s instructions. The protein
amount of each fraction was quantified and 30 �g protein per condition sub-
jected to Western blot analysis by using anti-RelA/p65 antibody.

Electrophoretic mobility shift assay (EMSA). Consensus oligonucleotides
corresponding to the sites of the immunoglobulin � light-chain enhancer and
AP2 binding were purchased from Promega (Madison, WI) and labeled with
[�-32P]ATP. Nuclear extracts were prepared by using NE-PER nuclear and
cytoplasmic extraction reagents as described above. A total of 5 �g/condition of
nuclear proteins was subjected to EMSA for NF-�B/DNA binding as described
previously in detail (18). As a loading control, the same amount (5 �g) of nuclear
protein was used for EMSA of AP2/DNA binding.

NF-�B/luciferase reporter assay. NF-�B TransLucent reporter vector (NF-
�B/Luc), which is designed to monitor transcription factor binding activity of
NF-�B through the use of a standard luciferase assay, was purchased from
Panomics (Redwood City, CA). A total of 4 � 106 cells were transiently trans-
fected with 4 �g of NF-�B/Luc by using the Amaxa Nucleofector device (pro-
gram V-01) with Nucleofector Kit V (Amaxa GmbH). Cells were incubated for
1 h and subsequently treated with the indicated agents, after which cells were
harvested and subjected to a luciferase assay by using a luciferase reporter assay
kit (BD Clontech, Palo Alto, CA) as per the manufacturer’s instructions. Rela-
tive luciferase activity was determined to reflect transcriptional activity of NF-�B,
expressed as the fold increase relative to the activity of untreated controls.

Statistical analysis. For analysis of apoptosis (morphology and annexin V),
�	m, ROS production, NF-�B/luciferase reporter assays, and the IKK kinase
assay, values represent the means � standard deviations (SD) for at least three
separate experiments performed in triplicate. The levels of significance of the dif-
ferences between experimental variables were determined by using Student’s t test.

RESULTS

Bay 11-7082 blocks NF-�B activation induced by SAHA and
MS-275. EMSA analysis, as well as the luciferase reporter
assay, revealed that 24-h exposure of U937 cells to either 2 �M
MS-275 or 1 �M SAHA increased NF-�B/DNA binding and

NF-�B/luciferase reporter activity, whereas coadministration
of the I�B� phosphorylation inhibitor Bay 11-7082 (3 �M)
largely blocked this action (Fig. 1A and B). Similar results for
NF-�B/luciferase reporter activity were obtained by transfec-
tion with an NF-�B-driven IL-8 promoter/luciferase reporter
construct but not with an NF-�B binding site-mutated inter-
leukin-8 promoter/luciferase reporter construct (data not
shown) (both constructs kindly provided by Xianjun Feng,
Virginia Commonwealth University). Recently, it has been re-
ported that the HDAC inhibitor TSA by itself modestly in-
duces IKK activity while markedly prolonging tumor necrosis
factor alpha (TNF-�)-induced IKK activation (1). On the other
hand, Bay 11-7082 has been found to reduce IKK-
 expression
in a dose-dependent manner (35). To test the effects of HDAC
inhibitors (e.g., MS-275 and SAHA) and Bay 11-7082 on the
levels of total and phosphorylated IKK-
, as well as the activity
of IKKs, Western blot analysis and an IKK kinase assay were
performed in parallel. Bay 11-7082 reduced expression of both
IKK-
 and phospho-IKK-�/
 (Fig. 1C) as well as IKK activity
(Fig. 1D) in both untreated and MS-275- and SAHA-treated
U937 cells. On the other hand, MS-275 and SAHA by them-
selves modestly induced phosphorylation and activation of
IKKs and had no effect on total levels of IKK-
. Thus, both
SAHA and MS-275 induced various events associated with
NF-�B activation in U937 cells, and these effects were antag-
onized by Bay 11-7082.

HDAC inhibitor-induced NF-�B activation is associated with
increased acetylation and nuclear localization of RelA/p65,
events interrupted by Bay 11-7082. Studies were then under-
taken to determine whether increased NF-�B activity triggered
by HDAC inhibitors might be related to RelA/p65 acetylation,
a process regulated by both HATs (e.g., p300 and CBP) and
HDACs (e.g., HDAC3). To this end, an anti-RelA/p65 anti-
body was employed to immunoprecipitate RelA/p65 protein,
which was then subjected to Western blot analysis by using an
anti-acetylated lysine antibody. As shown in Fig. 2A, treatment
with either 2 �M MS-275 or 1 �M SAHA markedly increased
levels of acetylated histones H3 and H4, as well as RelA/p65,
which may reflect inhibition of HDAC3 by SAHA and MS-275
(37, 46). Notably, coadministration of Bay 11-7082 had little
effect on H3 and H4 acetylation but dramatically diminished
RelA/p65 acetylation induced by SAHA and MS-275.

It has been reported that TSA prolongs TNF-�-induced
NF-�B/DNA binding activity and the accumulation of NF-�B
in the nucleus, events associated with delayed cytoplasmic re-
appearance of I�B� (1). Because deacetylation of RelA/p65 by
HDCA3 promotes I�B�/RelA assembly and I�B�-dependent
translocation of nuclear RelA/p65 to the cytoplasm (14), the
subcellular distribution of RelA/p65 was then examined. Treat-
ment of cells with MS-275 and SAHA resulted in the accumu-
lation of RelA/p65 in the nuclear fractions while reciprocally
decreasing expression of RelA/p65 in the cytoplasmic fractions
(Fig. 2B). No alterations in total RelA/p65 levels were noted.
Thus, NF-�B activation by SAHA and MS-275 was closely
associated with the increase of acetylated RelA/p65 and a shift
in distribution of NF-�B from the cytoplasm to the nucleus,
where it is presumably acetylated by HATs and deacetylated by
HDAC3 (14). Significantly, coadministration of Bay 11-7082
with either MS-275 or SAHA markedly diminished nuclear
localization and reciprocally increased cytoplasmic localization
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of RelA/p65 (Fig. 2B). Finally, Western blot and immunopre-
cipitation analyses demonstrated that exposure to Bay 11-7082
alone or in conjunction with MS-275 or SAHA resulted in a
clear increase in total and cytoplasmic levels of I�B�, as well as
RelA/p65-associated I�B� (Fig. 2C). Collectively, these find-
ings indicate that Bay 11-7082 increases the association of
RelA/p65 with I�B� and opposes the nuclear accumulation
and acetylation of RelA/p65 in HDAC inhibitor-treated cells.

HDAC inhibitors fail to activate NF-�B in U937 cells trans-
fected with an I�B� superrepressor. To confirm the role of
interference with NF-�B function in the actions of Bay 11-
7082, U937 cells were stably transfected with a mutated I�B�
construct in which serines 32 and 36 are replaced with alanines.
This construct encodes a protein (I�B�-SR) which can no
longer be phosphorylated by IKKs and degraded by the pro-
teasome (49). As anticipated, stable transfection of two sepa-
rate clones with I�B�-SR (2H6 and 2C8) (Fig. 3A) blocked
NF-�B/DNA binding (Fig. 3B) as well as NF-�B/luciferase
reporter activity (Fig. 3C) induced by 2 �M of either MS-275

or SAHA. Similar results were obtained for NF-�B/luciferase
reporter activity by using an NF-�B-driven IL-8 promoter/
luciferase construct but not an NF-�B binding site-mutated
IL-8 promoter/luciferase reporter construct (data not shown).
Consistent with results obtained with Bay 11-7082, both MS-
275 and SAHA failed to increase RelA/p65 acetylation and
nuclear translocation in I�B�-SR-transfected cells in contrast
to empty-vector controls (Fig. 3D). Together, these findings
raise the possibility that Bay 11-7082 or stable transfection with
an I�B�-SR blocks HDAC inhibitor-induced NF-�B activation
by inhibiting I�B� degradation and thus sequestering NF-�B
in the cytoplasm. These phenomena could also account for the
observed diminution in NF-�B acetylation, which is known to
be a nuclear event (12).

NF-�B inhibition by Bay 11-7082 potentiates mitochondrial
dysfunction and apoptosis mediated by HDAC inhibitors. To
determine what effect, if any, pharmacological interruption of
the NF-�B pathway would exert on the lethality of HDAC
inhibitors MS-275 and SAHA, U937 cells were exposed for

FIG. 1. Bay 11-7082 blocks NF-�B activation induced by HDAC inhibitors, accompanied by downregulation/inactivation of IKK. (A) U937 cells
were treated for 24 h with 3 �M Bay 11-7082 with (B) or without (Bay) 2 �M MS-275 (MS) or 1 �M SAHA, after which nuclear extracts were
prepared and subjected to EMSA as described in Materials and Methods. Activity of NF-�B/DNA binding is reflected by the extent of binding to
32P-labeled NF-�B consensus oligonucleotide (upper panel). AP2/DNA binding was assessed by using an AP2 consensus oligonucleotide for equal
loading controls (lower panel). Ctrl�C’, nuclear extract of untreated U937 cells preincubated for 20 min at room temperature with unlabeled
oligonucleotides as specific competitor (designed C’) controls. The results are representative of three separate experiments. Two additional studies
yielded equivalent results. (B) U937 cells were transfected with NF-�B/Luc as described in Materials and Methods. After a 1-h recovery, cells were
divided into equivalent aliquots, treated for 24 h with 3 �M Bay 11-7082 with (B) or without (Bay) 2 �M MS-275 (MS) or 1 �M SAHA and then
subjected to luciferase assays. Relative luciferase activities were determined by normalizing to total protein. The value for untreated U937 cells
was arbitrarily set to 1, and NF-�B/luciferase activity is expressed as the increase relative to the activity of the untreated control (Ctrl). The results
represent the means � SD for three separate experiments performed in triplicate. (C) U937 cells were treated as described for panel A, after which
Western blot analysis was performed to assess levels of expression of IKK-
 and phosphorylated IKK-�/
. Each lane was loaded with 30 �g of
protein; blots were subsequently stripped and reprobed with anti-
-actin to ensure equivalent loading and transfer of protein. The results are
representative of three separate experiments. Abbreviations are the same as those for panel B. (D) Alternatively, cells were lysed and subjected
to an IKK kinase assay as described in Materials and Methods. IKK activity is reflected by the extent of [32P]ATP incorporated into an I�B�
peptide substrate. The results represent the means � SD for three separate experiments performed in triplicate. Abbreviations are the same as
those for panel B.
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24 h to a low, marginally toxic concentration of Bay 11-7082 (3
�M) in conjunction with minimally toxic concentrations of
MS-275 (2 �) or SAHA (1 �), after which the loss of �	m,
reflected by diminished (low) DiOC6 uptake, and apoptosis
were monitored. In each case, coadministration of Bay 11-7082
with MS-275 or SAHA resulted in a dramatic potentiation
of loss of �	m, accompanied by an increase in the percentage
of annexin V� cells (Fig. 4A). Consistent with these results,
the exposure of U937 cells to 2 �M MS-275 or 1 �M SAHA
individually had little effect on cytosolic redistribution of mi-
tochondrial cytochrome c, whereas coexposure to Bay 11-7082
markedly increased translocation of cytochrome c into the
cytosolic S-100 fraction (Fig. 4B). These events were associated
with a clear increase in cleavage/activation of procaspase-9 and
procaspase-8 and PARP degradation. Similar increases in le-
thality in other human leukemia cell lines, e.g., Jurkat T-lym-
phoblastic, HL-60 promyelocytic, and Raji B-lymphoblastic
leukemia cells (Fig. 4C), were observed. To confirm the role of
NF-�B in Bay 11-7082 actions, we utilized the NF-�B inhibi-
tory peptide SN50, which contains the nuclear localization
sequence (NLS; residues 360 through 369) of NF-�B p50
linked to the hydrophobic region of the signal peptide of
Kaposi fibroblast growth factor and inhibits translocation of
NF-�B complex into the nucleus (38). As shown in Fig. 4D,

coadministration of SN50, but not of its inactive-mutation con-
trol peptide (SN50M), markedly enhanced the lethalities of
both MS-275 and SAHA.

Genetic interruption of the NF-�B pathway sensitizes cells
to HDAC inhibitor-mediated lethality. Consistent with the pre-
vious results involving pharmacological inhibition of NF-�B,
U937 cells stably transfected with I�B�-SR were significantly
more sensitive to MS-275- and SAHA-induced apoptosis than
those transfected with an empty vector, particularly after 48 h
of drug exposure (P � 0.02) (Fig. 5A). Notably, coadministra-
tion of Bay 11-7082 did not potentiate HDAC inhibitor-medi-
ated lethality further in I�B�-SR cells (P was �0.05 relative to
controls) (Fig. 5B), presumably because NF-�B was already
disabled in these cells. Parallel studies with U937 cells stably
transfected with a RelA/p65 siRNA construct (si-p65) were
performed. Transfection with si-p65 dramatically downregu-
lated the expression of RelA/p65 (clones 5 and 18) (Fig. 5C)
and markedly sensitized U937 cells to apoptosis induced by
2 �M of either MS-275 or SAHA (P was �0.01 relative to
controls) (Fig. 5D), as well as by lower concentrations (1 �M)
of these HDAC inhibitors (data not shown). Taken together,
these findings suggest that HDAC inhibitor-induced NF-�B
activation provides a protective mechanism against the lethal
effects of HDAC inhibitors and that interruption of the NF-�B

FIG. 2. HDAC inhibitors induce hyperacetylation and nuclear translocation of RelA/p65, which is reversed by Bay 11-7082 through an in-
creasing association of I�B� with RelA/p65. U937 cells were treated for 24 h with 3 �M Bay 11-7082 with (B) or without (Bay) 2 �M MS-275 (MS)
or 1 �M SAHA, after which Western blot and immunoprecipitation analyses were performed. Experiments were conducted at least three times,
with similar results. Ctrl, control. (A) Western blot analysis was performed to monitor the acetylation status of histones and total levels of histones
H3 and H4 (upper panels). Alternatively, to evaluate the extent of acetylated (Ac) RelA/p65, cells were lysed in RIPA buffer, and 200 �g of protein
was immunoprecipitated (IP) with anti-RelA/p65 antibody and subsequently subjected to Western blot (WB) analysis using anti-acetylated lysine
antibody (lower panel). (B) Whole-cell lysates, as well as nuclear and cytoplasmic fractions, were prepared as described in Materials and Methods
and subjected to Western blot analysis to determine the subcellular distribution of RelA/p65. (C) To assess the association of RelA/p65 with I�B�,
immunoprecipitation (IP) was performed using anti-RelA/p65 antibody as described in Materials and Methods. Immunoprecipitates were sub-
jected to Western blot (WB) analysis using anti-I�B� antibodies (upper panel). In parallel, samples of whole-cell lysates and cytoplasmic fractions
were subjected to Western blot analysis to monitor the total and cytoplasmic levels of I�B� (lower panels). For Western blot analysis, each lane
was loaded with 30 �g of protein; blots were subsequently stripped and reprobed with anti-
-actin, as indicated, to ensure equivalent loading and
transfer of protein.

VOL. 25, 2005 RelA ACETYLATION DIMINISHES HDAC INHIBITOR LETHALITY 5433



pathway by either genetic or pharmacological means markedly
potentiates HDAC inhibitor-mediated mitochondrial dysfunc-
tion and apoptosis.

The SIRT1 activator resveratrol diminishes HDAC inhibi-
tor-mediated RelA/p65 acetylation and enhances the lethality
of HDAC inhibitors. Very recently, it has been reported that
SIRT1, an NAD-dependent class III HDAC of the Sirtuin
family, physically interacts with RelA/p65 and inhibits tran-
scriptional activity of NF-�B by deacetylating RelA/p65 at ly-
sine 310. Activation of SIRT1 by resveratrol, a small-molecule
agonist of Sirtuin activity, enhances TNF-�-induced apoptosis
by modulating the acetylation status of RelA/p65 (60). As
SIRT1 is an HDAC which is not sensitive to known inhibitors
(e.g., TSA) of class I and II histone deacetylases (5, 40), the

possibility that activation of SIRT1 may oppose RelA/p65 acet-
ylation mediated by MS-275 and SAHA and, in so doing,
potentiate their lethality arose. To investigate further whether
HDAC inhibitor-mediated RelA/p65 acetylation is linked to
cytoprotective effects against HDAC inhibitors, studies em-
ploying resveratrol were carried out. Coadministration of
50 �M resveratrol modestly diminished MS-275- or SAHA-
induced RelA/p65 acetylation, an event accompanied by
increased PARP degradation (Fig. 5E) and apoptosis (Fig.
5F), whereas 100 �M markedly diminished this. These findings
provide further support for the notion that HDAC inhibitor-
mediated RelA/p65 acetylation plays an important cytoprotec-
tive role in cells exposed to HDAC inhibitors and that these
events can be reversed by activating the SIRT1 class of HDACs.

FIG. 3. HDAC inhibitors fail to induce NF-�B activation, as well as RelA/p65 acetylation and nuclear translocation in I�B�-SR-transfected
cells. (A) U937 cells were stably transfected with Ser32/Ser36-mutated I�B� cDNA (I�B�-SR) or an empty vector (pcDNA3.1). A Western blot
analysis was performed to monitor expression of I�B�. (B) Two separate clones (2H6 and 2C8) of I�B�-SR/U937 cells as well as control 3.1/U937
cells were treated for 24 h with 2 �M of either MS-275 or SAHA, after which nuclear extracts were prepared and subjected to EMSA. AP2/DNA
binding was assessed by using an AP2 consensus oligonucleotide for equal loading controls. Ctrl�C’, nuclear extract of untreated 3.1/U937 cells
preincubated with unlabeled oligonucleotides as specific competitor (C�) controls. Two additional studies yielded equivalent results. (C) I�B�-
SR/U937 and 3.1/U937 cells were transfected with NF-�B/Luc and then exposed to 2 �M of MS-275 or SAHA for 24 h, after which a luciferase
assay was performed to monitor NF-�B activity. In parallel, cells were treated with 10 ng/ml TNF-� for 30 min as a control. Relative luciferase
activities were determined by normalizing to total protein. For each cell line, values for untreated controls were arbitrarily set to a value of 1, and
NF-�B/luciferase activity is expressed as the fold increase relative to untreated controls (ctrl). The results represent the means � SD for three
separate experiments performed in triplicate. (D) I�B�-SR/U937 and 3.1/U937 cells were treated as described for panel B, after which
immunoprecipitation (IP) and a Western blot (WB) analysis were performed to evaluate the acetylation (Ac) status (upper panel) and subcellular
distribution of RelA/p65 (lower panels), respectively. Ctrl, control. The results are representative of three separate experiments. For Western blot
analyses in panels A and D, each lane was loaded with 30 �g of protein; blots were reprobed with anti-
-actin, as indicated, to ensure equivalent
loading and transfer of protein.
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Potentiation of HDAC inhibitor-mediated lethality by NF-�B
inhibition is associated with enhanced ROS generation as well
as downregulation of mitochondrial Mn-SOD (SOD2) expres-
sion. The lethalities of MS-275 and SAHA have been associ-
ated with ROS production (47, 48), while ROS generation is
closely linked with NF-�B activation in a cell type-specific
manner (8). Therefore, attempts to determine whether inhibi-
tion of NF-�B modified ROS generation triggered by HDAC
inhibitors were made. To this end, U937 cells were exposed to
2 �M MS-275 or 1 �M SAHA in the conjunction with 3 �M
Bay 11-7082, after which cellular ROS production was moni-
tored by flow cytometric analysis of the oxidation of dichlo-
rodihydroflurescein. As shown in Fig. 6A, marginally active
concentrations of Bay 11-7082 significantly enhanced MS-275-
or SAHA-mediated ROS production (P was �0.02 relative to
values for HDAC inhibitors alone in both cases). Consistent
with these results, stable transfection with I�B�-SR sensitized
U937 cells to HDAC inhibitor-induced ROS generation (P was
�0.01 relative to empty vector controls) (Fig. 6B). Lastly, the
free-radical scavenger L-NAC blocked Bay 11-7082/HDAC in-
hibitor-induced ROS generation and cytotoxicity (Fig. 6C),

indicating a significant functional role for oxidative damage in
the lethality of these regimens.

To investigate further the mechanism of NF-�B inhibition in
promotion of HDAC inhibitor-induced ROS generation, ex-
pression of superoxide dismutases, which play a key role in
protecting cells from oxidative damage, was evaluated. In
U937 cells, treatment with MS-275 or SAHA alone resulted in
a clearly discernible increase in SOD2 levels (Fig. 6D), consis-
tent with reports that the HDAC inhibitor TSA enhances
SOD2 expression (26). Notably, Bay 11-7082 prevented the
increase in SOD2 expression, which is known to be an NF-�B-
dependent phenomenon (21, 34), in cells exposed to MS-275
or SAHA (Fig. 6D). In contrast, levels of SOD1 did not change.
Consistent with these findings, MS-275 and SAHA failed to
induce SOD2 expression in I�B�-SR cells relative to their
empty-vector controls (Fig. 6E). Lastly, the cell-permeable
SOD mimetic MnTBAP, which blocks oxidative damage-me-
diated cell death by scavenging ROS but not nitric oxide (27,
28), significantly protected cells from Bay 11-7082/HDAC in-
hibitor lethality (Fig. 6F). Collectively, these findings raise
the possibility that interruption of the NF-�B pathway low-

FIG. 4. NF-�B inhibitors potentiate mitochondrial dysfunction and apoptosis mediated by HDAC inhibitors. (A) U937 cells were exposed for
24 h to 2 �M MS-275 (MS) or 1 �M SAHA in the absence or presence of 3 �M Bay 11-7082, after which the percentages of cells exhibiting
decreased �	m, reflected by low DiOC6 uptake, and annexin V positivity were determined by flow cytometry as described in Materials and
Methods. (B) Alternatively, a Western blot analysis was performed to assess expression of cytosolic cytochrome c (cyt c) and cleavage of caspases
and PARP. CF, cleavage fragment; Casp, caspase; Ctrl, control; Bay, Bay 11-7082; MS, MS-275; B�MS, Bay 11-7082 plus MS-275; B�SAHA, Bay
11-7082 plus SAHA. Each lane was loaded with 30 �g of protein; blots were subsequently stripped and reprobed with anti-
-actin to ensure
equivalent loading and transfer of protein. The results are representative of three separate experiments. (C) HL-60, Jurkat, and Raji cells were
exposed to 2 �M MS-275 (MS) or 1 �M SAHA for 24 h in the absence or presence of Bay 11-7082 (HL-60, 3 �M; Jurkat, 2 �M; Raji, 5 �M),
after which the percentage of annexin V-positive cells was determined. (D) U937 cells were incubated for 24 h with 2 �M MS-275 (MS) or 1 �M
SAHA in the absence and presence of 150 ng/ml NF-�B inhibitory peptide (SN50) or control negative peptide (SN50M), respectively, after which
the percentage of cells exhibiting apoptotic morphology was determined as described in Materials and Methods. For panels A, C, and D, results
represent the means � SD for three separate experiments performed in triplicate.
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ers the threshold for HDAC inhibitor-mediated ROS genera-
tion and lethality, at least in part, by inhibiting expression of
SOD2.

Apoptosis induced by HDAC inhibitors in conjunction with
NF-�B inhibition is accompanied by XIAP downregulation
and JNK1 activation. To investigate further mechanisms un-
derlying potentiation of HDAC inhibitor-mediated lethality by
NF-�B disruptions, effects on NF-�B-related antiapoptotic and

stress-associated proteins were monitored. The expression of
XIAP, a well-characterized NF-�B downstream antiapoptotic
molecule (54), was inhibited following treatment with Bay 11-
7082 alone and was inhibited even more when Bay 11-7082 was
coadministered with MS-275 or SAHA (Fig. 7A). Expression
of Bcl-xL, another NF-�B downstream target (18), was also
modestly decreased after combined treatment (Fig. 7A). In
contrast, exposure to Bay 11-7082 and SAHA or MS-275 did

FIG. 5. Stable transfection with either I�B�-SR or RelA/p65 siRNA sensitizes U937 cells to the lethalities of HDAC inhibitors, a phenomenon
mimicked by coadministration of the SIRT1 activator resveratrol. (A) I�B�-SR/U937 cells as well as 3.1/U937 cells were treated for 24 to 48 h with
2 �M of either MS-275 (MS) or SAHA, after which the percentage of cells exhibiting apoptotic morphology was determined by evaluating
Wright-Giemsa-stained cytospin slides as described in Materials and Methods. Ctrl, control. (B) I�B�-SR/U937 and 3.1/U937 cells were treated
for 24 h with 2 �M MS-275 (MS) or 1 �M SAHA in the absence or presence (B) of 3 �M Bay 11-7082, after which the percentage of cells exhibiting
apoptotic morphology was determined as described for panel A. Ctrl, control. (C) U937 cells were stably transfected with a construct encoding
RelA/p65 siRNA as described in Materials and Methods, and a Western blot analysis was performed to monitor expression of RelA/p65. (D) Two
clones (clone 5 and 18) of si-RelA/p65-transfected cells were then treated with 2 �M of either MS-275 (MS) or SAHA for 24 h, after which the
percentage of cells exhibiting apoptotic morphology was determined as described for panel A. Ctrl, control. (E) U937 cells were incubated for 24 h
with 2 �M MS-275 (MS) or 1 �M SAHA in the absence (�) or presence of 50 to 100 �M resveratrol (Resver), after which immunoprecipitation
(IP) and Western blot (WB) analyses were performed to assess acetylation and total levels of p65 as well as PARP cleavage. Ac, acetylated; IgG,
immunoglobulin G; CF, cleavage fragment. (F) Alternatively, annexin V-FITC/flow cytometric analysis was performed to determine the percentage
of apoptotic cells. For panels A, B, D, and F, results represent the means � SD for three separate experiments performed in triplicate. Ctrl, control;
MS, MS-275; Resver, resveratrol. For Western blots shown in panels C and E, each lane was loaded with 30 �g of protein; blots were reprobed
with anti-
-actin, as indicated, to ensure equivalent loading and transfer of protein. Two additional studies yielded equivalent results.
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not alter expression of Bcl-2 and Mcl-1, although the presence
of an Mcl-1 cleavage product was noted following combined
treatment (Fig. 7A).

Activation of the stress-related kinase JNK has been linked

to cell death mediated by both inhibition of NF-�B (45, 55) and
exposure to HDAC inhibitors (64). As shown in Fig. 7B, treat-
ment with either MS-275 or SAHA in combination with Bay
11-7082 resulted in pronounced increases in JNK1 phosphor-

FIG. 6. Bay 11-7082 and stable transfection with I�B�-SR enhance HDAC inhibitor-mediated ROS generation, accompanied by the down-
regulation of SOD2. Ctrl, control. (A) U937 cells were exposed for 24 h to 3 �M Bay 11-7082 with (B) or without (Bay) 2 �M MS-275 (MS) (upper
panel) or 1 �M SAHA (lower panel), after which the ROS production was determined by a staining with the acetooxymethyl ester of
dihydro-dichlorodihydrofluorescein and flow cytometry as described in Materials and Methods. DCF is nonfluorescent in its dihydro form but
becomes highly fluorescent upon reaction with ROS. The percentage of cells with increased DCF fluorescence for each condition was determined.
(B) Two clones (2H6 and 2C8) of I�B�-SR/U937 cells as well as 3.1/U937 cells were treated for 24 h with 2 �M of either MS-275 (MS) or SAHA,
after which the percentage of cells exhibiting positive DCF fluorescence was determined as described for panel A. (C) U937 cells were pretreated
with 10 mM L-NAC for 3 h and then exposed to 3 �M Bay 11-7082 (B) plus 2 �M MS-275 (MS) or 1 �M SAHA for additional 24 h, after which
the percentages of cells exhibiting positive DCF fluorescence and annexin V-FITC were determined by flow cytometry. (D) U937 cells were treated
as described for panel A, after which a Western blot analysis was performed to evaluate levels of SOD1 and SOD2. Density of SOD2 protein bands
was quantified by using an imaging system as described in Materials and Methods. Values reflect the ratio of integrated densitometric determi-
nations for each condition relative to untreated controls. Abbreviations are the same as those for panel A. (E) I�B�-SR/U937 cells and 3.1/U937
cells were treated as described for panel B, after which levels of expression of SOD1 and SOD2 were evaluated by Western blot analysis. MS,
MS-275. (F) U937 cells were preincubated with 150 �M MnTBAP for 2 h and then treated with 3 �M Bay 11-7082 plus 2 �M MS-275 (B�MS)
or 1 �M SAHA (B�SAHA) for additional 24 h. At the end of the incubation interval, cells were harvested and subjected to annexin V/flow
cytometric analysis. For panels A through C and F, values represent the means � SD for three separate experiments performed in triplicate. For
Western blot analyses in panels D and E, each lane was loaded with 30 �g of protein; blots were subsequently stripped and reprobed for the
expression of 
-actin to ensure equivalent loading and transfer of protein. Two additional studies yielded equivalent results.
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ylation and JNK activity, manifested by increased levels of
glutathione S-transferase–phospho-Jun, whereas individual
agents had minimal effects. Comparable increases in JNK1
phosphorylation were also observed for Jurkat, Raji, and
HL-60 leukemia cells treated with Bay-11-7082 in combination
with MS-275 (Fig. 7C) or SAHA (data not shown). Treatment
with these agents individually or in combination did not sig-
nificantly alter phosphorylation/activation of ERK1/2 and p38
mitogen-activated protein kinase (Fig. 7B).

To verify the role of NF-�B inhibition in XIAP downregu-
lation and JNK1 activation in cells exposed to Bay 11-7082 in
combination with HDAC inhibitors, XIAP expression and
JNK phosphorylation in U937 cells stably transfected with
I�B� (I�B�-SR/U937 cells) were monitored following HDAC
inhibitor treatment. As shown in Fig. 7D, U937 cells stably
transfected with I�B�-SR displayed a more pronounced down-
regulation of XIAP and activation of JNK following MS-275 or
SAHA treatment than empty-vector controls, consistent with
the results obtained for cells coexposed to HDAC inhibitors
and Bay 11-7082.

JNK activation plays a functional role in Bay 11-7082/
HDAC inhibitor-mediated apoptosis but acts downstream of
ROS generation and NF-�B inactivation. The functional sig-
nificance of JNK activation in the potentiation of HDAC in-
hibitor-mediated lethality by Bay 11-7082 was then investi-
gated. SP600125, a selective JNK inhibitor (4), significantly,
albeit partially, reduced Bay 11-7082/SAHA- and Bay 11-7082/
MS-275-mediated lethalities (P was �0.02 in each case) but

failed to diminish ROS generation induced by these regimens
(Fig. 8A). EMSA analysis revealed that SP600125 did not
prevent inhibition of HDAC inhibitor-mediated NF-�B acti-
vation by Bay 11-7082 (Fig. 8B). Western blot analysis con-
firmed that SP600125 blocked JNK1 activation in cells exposed
to these regimens and attenuated PARP degradation (Fig. 8B).
Parallel studies employing JNK1 siRNA oligonucleotides dem-
onstrated that downregulation of JNK1 (inset) was associated
with significant attenuation of Bay 11-7082/HDAC inhibitor-
mediated lethality (P � 0.05) (Fig. 8C). Finally, U937 cells
stably expressing TAM67 (Fig. 8D, inset), a dominant-negative
c-Jun mutant protein in which the transactivation domain has
been deleted (7, 58), were significantly resistant to the lethal-
ities of Bay 11-7082/SAHA and Bay 11-7082/MS-275 regimens,
as well as the JNK/SAPK activator anisomycin (Fig. 8D). Thus,
these and earlier findings (e.g., results shown in Fig. 7B) indi-
cate that JNK activation plays a functional role in the poten-
tiation of HDAC inhibitor-mediated lethality by Bay 11-7082.
Finally, JNK inhibition by SP600125 did not prevent ROS
generation or NF-�B inactivation in cells exposed to the Bay
11-7082/HDAC inhibitor regimen, but the blockade of ROS
generation by L-NAC did block JNK1 activation (data not
shown), indicating that JNK activations lies downstream of
oxidative damage and NF-�B inhibition.

Overexpression of XIAP diminishes the lethality of the Bay
11-7082/HDAC inhibitor regimen but does not affect ROS gen-
eration and JNK1 activation. Lastly, to assess the functional
role of XIAP downregulation in these events, U937 cells ec-

FIG. 7. NF-�B inhibition results in JNK1 activation and XIAP downregulation in HDAC inhibitor-treated cells. Ctrl, control. (A and B) U937
cells were exposed for 24 h to 3 �M Bay 11-7082 with (B) or without (Bay) 2 �M MS-275 (MS) or 1 �M SAHA, after which a Western blot analysis
was performed to evaluate alterations in expression of antiapoptotic proteins (A) and phosphorylation (activation) of ERK1/2, p38, and JNK (B).
CF, cleavage fragment. (B) Alternatively, kinase assays were performed, as described in Materials and Methods, to assess SAPK/JNK activity,
reflected by phosphorylated (p) GST-c-Jun (bottom panel). (C) Jurkat, Raji, and HL-60 cells were exposed to 2 �M MS-275 with (B�MS) or
without (MS) Bay 11-7082 (Jurkat, 2 �M; Raji, 5 �M; HL-60, 3 �M), after which cells were lysed and subjected to Western blot analysis to monitor
phosphorylation of JNK. Bay, Bay 11-7082; p, phosphorylated. (D) I�B�-SR/U937 cells, as well as 3.1/U937 cells, were treated for 24 h with 2 �M of
either MS-275 (MS) or SAHA, after which a Western blot analysis was performed to assess JNK phosphorylation and XIAP expression. p,
phosphorylated. For Western blot analysis in panels A through D, each lane was loaded with 30 �g of protein; blots were subsequently stripped
and reprobed for the expression of 
-actin, as indicated, to ensure equivalent loading and transfer of protein. The results are representative of three
separate experiments.

5438 DAI ET AL. MOL. CELL. BIOL.



topically overexpressing XIAP (Fig. 9A, left panels) were em-
ployed. XIAP/U937 cells exhibited increases in ROS level sim-
ilar to those of empty-vector controls following coexposure to
Bay 11-7082 and either SAHA or MS-275 (Fig. 9B). In striking
contrast, XIAP overexpression substantially protected cells
from Bay 11-7082/SAHA- or Bay 11-7082/MS-275-mediated
apoptosis (Fig. 9C). Comparative studies utilizing U937 cells
ectopically overexpressing Bcl-2 were performed (Fig. 9A,
right panels). Overexpression of XIAP and overexpression of
Bcl-2 protected cells from the topoisomerase inhibitor VP-16
to comparable extents (Fig. 9C). However, whereas Bcl-2 over-
expression afforded only partial protection from Bay 11-7082/
HDAC inhibitor-mediated lethality, XIAP overexpression
conferred virtually complete resistance to these regimens (Fig.
9C). Western blot analysis revealed that Bay 11-7082/HDAC
inhibitor regimens failed to reduce XIAP expression in XIAP/
U937 cells, events accompanied by diminished PARP cleavage.
Moreover, ectopic expression of XIAP did not prevent JNK1
phosphorylation/activation following exposure to Bay 11-7082/
HDAC inhibitor regimens (Fig. 9D). Together, these findings
suggest that downregulation of XIAP by the Bay 11-7082/
HDAC inhibitor regimen plays a significant functional role in

the enhanced lethality of this regimen. They also indicate that
this event operates downstream or independently of ROS gen-
eration and JNK1 activation.

DISCUSSION

Although in some cells (e.g., colonic epithelial cells), HDAC
inhibitor exposure has been associated with NF-�B inactiva-
tion (61), in most cases, activation of NF-�B has been reported
(3, 41). While the mechanism by which HDAC inhibitors ac-
tivate NF-�B remains to be fully elucidated, there is accumu-
lating evidence that this process involves, among other factors,
acetylation-related events. Although HDAC inhibitor-induced
acetylation of histones (e.g., histone H3 and H4) has been the
primary focus of interest, it is clear that HDACs deacetylate a
variety of nonhistone proteins. For example, acetylation of
heat shock proteins (e.g., Hsp 90) has been implicated in the
lethal action of certain expanded-spectrum HDAC inhibitors
(24). Based on the findings reported by Chen et al. (12, 13), it
has been proposed that acetylation of RelA/p65 represents a
molecular switch regulating the duration of NF-�B transcrip-

FIG. 8. JNK inhibition attenuates the lethality of the Bay 11-7082/HDAC inhibitor regimen without affecting ROS production or NF-�B
inactivation. (A) U937 cells were exposed for 24 h to 3 �M Bay 11-7082 (B) plus 2 �M MS-275 (MS) or 1 �M SAHA in the absence or presence
of 10 �M SP600125 (SP), after which the percentages of cells exhibiting positive DCF fluorescence and annexin V-FITC were determined by flow
cytometry. Values represent the means � SD for three separate experiments performed in triplicate. *, significantly lower than the value for
treatment with Bay 11-7082 with MS-275 or SAHA in the absence of SP600125 (P � 0.02). Ctrl, control. (B) Alternatively, cells were lysed and
subjected to either EMSA (upper panels) or Western blot analysis (lower panels). Abbreviations are the same as those for panel A. (C) U937 cells
were transiently transfected with JNK1 siRNA oligonucleotides as described in Materials and Methods. After 24 h, the levels of JNK1 and JNK2
were monitored by Western blot analysis (inset). Following a 6-h posttransfection recovery interval, JNK1 siRNA-transfected cells were exposed
to 3 �M Bay 11-7082 plus 2 �M MS-275 (B�MS) or 1 �M SAHA (B�SAHA) for 24 h, after which the percentage of viable cells was determined
by ViaCount assay. (D) U937 cells stably transfected with a TAM67 construct (inset, Western blot) or its empty vector (pMM) were treated with
3 �M Bay 11-7082 plus 2 �M MS-275 (B�MS) or 1 �M SAHA (B�SAHA), as well as 50 ng/ml anisomycin (Aniso) for 24 h, after which the
percentage of cells exhibiting apoptotic morphology was determined by evaluating Wright-Giemsa-stained cytospin slides. The results represent
the means � SD for three separate experiments performed in triplicate. Ctrl, control. Asterisks signify values that are significantly lower than the
values for cells transfected with empty vector (pMM) (**, P � 0.01; *, P � 0.02). For Western blot analyses in panels B through D, 30 �g of protein
was loaded in each lane; blots were subsequently stripped and reprobed for the expression of 
-actin, as indicated, to ensure equivalent loading
and transfer of protein. CF, cleavage fragment. Two additional studies yielded equivalent results.
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tional activity and simultaneously replenishing cytoplasmic
pools of I�B�/NF-�B (14).

Because both HAT-mediated acetylation and HDAC-medi-
ated deacetylation of RelA/p65 occur exclusively in the nucleus
(12), interference with NF-�B nuclear translocation would be
expected to diminish acetylation of this transcription factor.
Consistent with this model, the exposure of leukemia cells to
SAHA or MS-275 markedly increased acetylated RelA/p65,
enhanced the nuclear accumulation of RelA/p65, and dimin-
ished the association of RelA/p65 with I�B�. Significantly,
dysregulation of the I�B� axis, by either pharmacological (i.e.,
Bay 11-7082) or genetic (i.e., I�B�-SR) means, led to dimin-
ished HDAC inhibitor-mediated hyperacetylation of RelA/p65
by the sequestering of NF-�B in cytoplasm. The NF-�B se-
questration prevents NF-�B translocation to the nucleus,
where HATs and HDACs primarily act (12). It should be
noted, however, that activation of NF-�B by RelA/p65 acety-
lation is not a universal finding. For example, Kiernan et al.
reported that acetylation of RelA/p65 diminished NF-�B/DNA
binding without altering associations with I�B�, leading to a
net export of the complex to the cytoplasmic compartment
(33). Based on these observations, it is likely that the net effect
of acetylation on the intracellular distribution and transactiva-
tion potential of NF-�B may be cell type-specific or, alterna-
tively, may depend upon the specific lysine sites that are acety-

lated (e.g., K221 and K310 versus K122 and K123) (13, 33). A
hypothetical model in which HDAC inhibitors such as MS-275
and SAHA activate NF-�B, which is blocked by pharmacolog-
ical (Bay 11-7082) or genetic (I�B�-SR) inhibition of I�B�
phosphorylation/degradation, is illustrated in Fig. 10A.

Generally, NF-�B activation is thought to play an important
cytoprotective role against cell death induced by diverse nox-
ious stimuli, including HDAC inhibitors (41). The present
studies indicate that in leukemia cells, interruption of the
NF-�B pathway by Bay 11-7082 or I�B�-SR dramatically in-
creases the lethal effects of HDAC inhibitors (e.g., SAHA and
MS-275). The current findings also raise the possibility that
perturbations in HDAC inhibitor-mediated acetylation of
RelA/p65 may be critically involved in this phenomenon. In
this context, coadministration of resveratrol (60), an activator
of SIRT1, which is a class III HDAC insensitive to known
inhibitors of class I and II HDACs (5, 40), enhanced the
lethality of HDAC inhibitors in association with diminished
acetylation of RelA/p65. Thus, the activation of NF-�B asso-
ciated with p65 acetylation may serve to protect cells from the
lethal consequences of certain HDAC inhibitor-mediated ac-
tions, particularly, ROS production and induction of mito-
chondrial dysfunction (47, 48). Conversely, disruption of p65
acetylation by the targeting of I�B� phosphorylation/degrada-
tion (e.g., by Bay 11-7082 or I�B�-SR) or more directly

FIG. 9. Ectopic overexpression of XIAP attenuates apoptosis but not ROS production or JNK1 activation in U937 cells coexposed to Bay
11-7082 and HDAC inhibitors. (A) Western blot analysis was performed to monitor expression of XIAP and Bcl-2 in U937 cells stably transfected
with either XIAP (XIAP/U937; left panels) or Bcl-2 (Bcl-2/U937; right panels) construct as well as their corresponding empty-vector controls
(pcDNA3.1 [3.1/U937] and pCEP [pCEP/U937]). (B) XIAP/U937 and 3.1/U937 cells were exposed to 3 �M Bay 11-7082 plus 2 �M MS-275
(B�MS) or 1 �M SAHA (B�SAHA) for 24 h, after which the percentage of cells exhibiting DCF fluorescence positivity was evaluated by flow
cytometry. (C) XIAP/U937 and Bcl-2/U937 cells, as well as their empty-vector controls, were treated with 3 �M Bay 11-7082 plus 2 �M MS-275
(B�MS) or 1 �M SAHA (B�SAHA) for 24 h, after which the percentage of cells exhibiting positive annexin V-FITC was determined by flow
cytometry. In parallel, all cell lines were incubated with 50 �M VP-16 for 5 h as controls. (D) XIAP/U937 and 3.1/U937 cells were treated as
described for panel B; a Western blot analysis was performed to monitor expression of XIAP and phospho-JNK (p-JNK1) and cleavage of PARP.
CF, cleavage fragment. Other abbreviations are the same as those for panel C. For Western blot analyses in panels A and D, each lane was loaded
with 30 �g of protein; blots were subsequently stripped and reprobed for the expression of 
-actin to ensure equivalent loading and transfer of
protein. The results are representative of three separate experiments. For panels B and C, values represent the means � SD for three separate
experiments performed in triplicate.
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through stimulation of HDAC-mediated deacetylation (e.g., by
resveratrol) may permit the proapoptotic actions of HDAC
inhibitors to predominate, leading to a striking increase in cell
death.

The present evidence suggests that potentiation of oxidative
damage (e.g., ROS generation) plays a critical role in interac-
tions between Bay 11-7082 and HDAC inhibitors. Involvement
of ROS generation in the lethalities of SAHA and MS-275 has
previously been reported (47, 48), although the mechanism(s)
by which the HDAC inhibitor(s) triggers oxidative damage is
(are) not known. Notably, NF-�B activation represents one of
the major cellular responses to H2O2 and other mediators of
oxidative stress (51). In the present study, coadministration of
Bay 11-7082 significantly increased ROS generation by SAHA
or MS-275. Similarly, genetic interruption of the NF-�B path-
way by I�B�-SR also potentiated HDAC inhibitor-mediated
oxidative damage, consistent with the previous considerations
(10). Importantly, coadministration of the free-radical scaven-
ger L-NAC blocked ROS generation and enhanced lethality of
the Bay 11-7082/HDAC inhibitor regimens, indicating that ox-
idative damage plays a primary role in synergistic antileukemic
effects.

SODs constitute a critical cellular antioxidant enzyme de-
fense system that protects cells from ROS-mediated injury. Of
three SOD isoforms, cytosolic CuZn-SOD (SOD1) and mito-
chondrial Mn-SOD are present in most human normal and
neoplastic cells, whereas the expression pattern of extracellular
SOD (SOD3) is highly cell type specific and tissue specific (63).
Notably, the enhancer element of SOD2 genes contains bind-
ing motifs for NF-�B; moreover, activation of NF-�B is essen-
tial for induction of SOD2 by multiple stimuli (21, 34). Con-
sistent with these observations, MS-275 and SAHA induced a
modest increase in SOD2 expression, whereas inhibition of
NF-�B by Bay 11-7082 or I�B�-SR downregulated basal levels
of SOD2 and blocked HDAC inhibitor-mediated SOD2 induc-
tion. It has also been reported that ROS generation tran-
scriptionally induces SOD expression as a cellular feedback
response (29). Thus, NF-�B-dependent SOD2 upregulation
induced by HDAC inhibitors may provide a protective feed-
back against oxidative damage; conversely, interruption of
NF-�B activation may disrupt this cellular response by block-
ing SOD2 expression and enhancing ROS-mediated lethal-
ity, consistent with results obtained with the SOD mimetic
MnTBAP. Because SOD2 is a mitochondrial Mn-SOD (63),

FIG. 10. (A) Schematic diagram of NF-�B activation by HDAC inhibitors. NF-�B activity is regulated by acetylation and deacetylation of
RelA/p65 in the nucleus, which are mediated by HATs (e.g., P300, CBP, and PCAF) and HDACs (e.g., HDAC3 and SIRT1), respectively.
Acetylation of RelA/p65 blocks the association of p65/p50 with I�B� which transports the NF-�B complex from the nucleus to the cytoplasm and,
in so doing, inactivates NF-�B. HDAC inhibitors cause nuclear accumulation of RelA/p65 and NF-�B activation by blocking HDAC-mediated
deacetylation of RelA/p65. These events are inhibited by either Bay 11-7082 or I�B�-SR, which blocks phosphorylation and proteasomal
degradation of I�B�, leading to sequestration of the NF-�B complex in the cytoplasm. Alternatively, the SIRT1 (a class III HDAC which is not
sensitive to known inhibitors of class I and II HDAC) activator resveratrol, by opposing RelA/p65 acetylation, promotes RelA/p65 binding to I�B�,
resulting in the same effect. Ac, acetylated. (B) Schematic diagram of possible NF-�B-dependent cytoprotective pathways acting to attenuate the
lethalities of HDAC inhibitors. HDAC inhibitors induce apoptosis by multiple mechanisms including induction of ROS and activation of
stress-related SAPK/JNK pathways. On the other hand, HDAC inhibitors also trigger cytoprotective mechanisms involving the activation of NF-�B
through RelA/p65 acetylation, and in so doing, induction of mitochondrial MnSOD (SOD2) which limits ROS generation, prevention of JNK1
activation, and maintenance of XIAP expression. The lethalities of HDAC inhibitors are determined by a balance between these opposing
mechanisms. Blockade of the NF-�B pathway by either pharmacological or genetic means disrupts this balance, resulting in potentiation of HDAC
inhibitor-mediated lethality.
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the present findings also suggest, albeit indirectly, that mito-
chondria represent a major source of ROS generation trig-
gered by HDAC inhibitors. Lastly, recent studies suggest that
HDAC inhibitors selectively trigger oxidative injury in trans-
formed cells as a consequence of differential induction of thi-
oredoxin (57), a protein that functions as a hydrogen donor for
many protein targets and as an ROS scavenger. Whether
HDAC inhibitors exhibit similar selectivities in the induction
of SOD2 remains to be determined.

Genetic and pharmacological interruption of the NF-�B
pathway in cells exposed to HDAC inhibitors also resulted in
perturbations in expression of XIAP, a member of the inhibi-
tor of apoptosis family that acts by inhibiting caspases, partic-
ularly caspases 3, 7, and 9 (53). Administration of Bay 11-7082
resulted in a modest decrease in basal XIAP levels and dimin-
ished XIAP expression in HDAC inhibitor-treated cells. The
finding that ectopic expression of XIAP protected cells from
Bay 11-7082/HDAC inhibitor-mediated cell death argues that
downregulation of this antiapoptotic protein plays a significant
functional role in the lethality of this regimen. It is also note-
worthy that enforced expression of XIAP failed to modify ROS
production and JNK1 activation in Bay 11-7082/HDAC inhib-
itor-treated cells. These findings suggest that diminished ex-
pression of XIAP operates downstream or independently of
other critical events (e.g., NF-�B inactivation, ROS genera-
tion, and JNK1 activation) in the cell death hierarchy.

It has been reported that inhibition of NF-�B leads to JNK
activation and potentiates the lethality of certain apoptotic
stimuli (e.g., TNF-�) (45, 55). JNK activation mediates apo-
ptosis in response to diverse events, possibly through direct
effects on release of mitochondrial proapoptotic proteins, such
as cytochrome c (56). In the present study, combined inhibition
of NF-�B and HDACs resulted in a very pronounced JNK1
activation. Moreover, the observation that blockade of the
JNK pathway by pharmacological (e.g., SP600125) or genetic
means (transfection with JNK1 siRNA or TAM67) protected
cells from this regimen argues strongly for a functional role for
JNK1 activation in enhanced cell death. In this context, oxida-
tive stress is a well-known activator of the SEK/JNK cascade,
and the interruption of this pathway has been shown to limit
damage associated with ROS generation (22). The finding that
attenuation of ROS generation in Bay 11-7082/HDAC inhibi-
tor-treated cells (e.g., by L-NAC) blocked JNK activation in-
dicates that under these circumstances, engagement of the
stress-related JNK pathway most likely represents a response
to oxidative damage. It should be also noted that NF-�B acti-
vation, at least induced by TNF-�, has been shown to block
JNK activation through an XIAP-related mechanism (55).
However, the observation that ectopic expression of XIAP
failed to modify Bay 11-7082/HDAC inhibitor-mediated JNK1
phosphorylation argues against an association between XIAP
downregulation and JNK activation in the present model sys-
tem.

In summary, the present findings indicate that interruption
of the NF-�B pathway in leukemia cells exposed to HDAC
inhibitors results in a cascade of events, including the gen-
eration of ROS, downregulation of SOD2 and XIAP, and
activation of JNK1, culminating in a striking increase in mito-
chondrial dysfunction and apoptosis. A hypothetical model
summarizing interactions between these factors is illustrated in

Fig. 10B. Notably, these events are closely associated with, and
very likely related to, a marked increased association of RelA/
p65 with I�B�, reduced nuclear translocation of NF-�B, and
diminished HDAC inhibitor-mediated acetylation of RelA/
p65. Collectively, these findings argue that RelA/p65 acetyla-
tion and resulting NF-�B activation by HDAC inhibitors serve
to protect cells from what would otherwise be the lethal con-
sequences of oxidative damage. A corollary of this hypothetical
model is that interventions that block HDAC inhibitor-in-
duced RelA/p65 acetylation and/or NF-�B activation would be
expected to promote the antitumor potential of this class of
agents. In this regard, the clinical relevant proteasome inhibi-
tor Bortezomib, which inactivates NF-�B by sparing I�B� from
proteasomal degradation (42), has recently been shown to pro-
mote HDAC inhibitor-related antitumor effects in malignant
hematopoietic cells (43, 62). Currently, the development of
pharmacological inhibitors of the NF-�B pathway (e.g., IKK
inhibitors) for the treatment of inflammatory or neoplastic
diseases has become the subject of considerable interest (16).
In view of the present findings, it would be logical to explore
antineoplastic interactions between such agents and clini-
cally relevant HDAC inhibitors, particularly those targeting
HDAC3. Accordingly, studies addressing these issues are
now under way.
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